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A fluorescence probe method, which enables highly sensitive detection of OH radicals (•OH) by forming a stable fluorescent 
product, was applied to a model reaction system of PEFCs (Polymer Electrolyte Fuel Cells) for the first time. •OH was 
successfully detected under open circuit condition with a homemade test cell having reservoirs of a coumarin probe solution at 
both anode and cathode electrodes. The experiments with H2O2 and Fe2+ in the probe solution suggested that the •OH is produced 






 One of the most promising energy conversion systems 
is the polymer electrolyte fuel cell (PEFC). However, several 
shortcomings have to be overcome prior to its large-scale 
introduction to the market. One of the most crucial issues is the 
problem of the deterioration of the performance of polymer 
electrolyte membranes. The long term stability of the membrane is an 
important factor limiting the fuel cell lifetime.1-3 The membrane 
degrades during extended use, probably due to reactions with 
hydroxyl radicals (•OH) which are the most reactive species formed 
from H2O2. H2O2 is formed during oxygen reduction at the cathode as 
a by-product.4 on crossleak of O2 and H2 gases at the membrane.5 
Though the formation of •OH in PEFC reaction system is suggested, 
there are only a few experimental researches dedicated to detect 
•OH.6-9 Spin tapping ESR method is usually used to detect •OH, due 
to the high sensitivity to a stable nitroxide radical which is formed by 
the reaction of a trapping reagent with •OH. However, the radical 
adduct is sometimes not stable enough for the quantitative analysis.9 
An alternative sensitive method to detect •OH would be a 
fluorescence probe method.10 The method has been developed in the 
field of radiation chemistry based on the formation of a stable 
fluorescent product by the reaction of •OH with a specific molecule, 
such as coumarin. As far as we know, this is the first report that the 
fluorescence probe method is applied to a fuel cell system. 
Consequently, •OH formed in the PEFC reactions was successfully 
detected and the formation process of •OH under open circuit 
condition was demonstrated.  
 
Materials and Method 
Fluorescence probe method with coumarin  By the reaction with 
•OH, coumarin is known to produce a fluorescent compound of 
umbelliferone (7-hydroxy coumarin), thus it is usually employed as a 
probe to detect •OH from the fluorescence intensity. By γ-ray 
irradiation on coumarin aqueous solutions, several products are 
formed by the reaction with •OH, which were analyzed with the 
HPLC.10 Among them only umbelliferone emits fluorescence. The 
yield of umbelliferone from 1 mM coumarin aqueous solution on γ-
irradiation is reported to be 16.3 ± 0.3 nmol J-1, 11 and that of •OH 
was 2.2 / 100 eV 12 which corresponds to 228 nmol J-1. From the 
comparison of the yields of umbelliferone and •OH, the trapping 
efficiency of •OH was calculated to be 7 %.The fluorescence 
properties depend on solution pH. Since the ionomer used for fuel 
cells shows an acidic nature, the florescence (excitation at 332 nm) 
having peak intensity at 455 nm of umbelliferone in acidic solution 






 In the present experiments, the coumarin solutions 
contacted with the electrodes were transferred to a usual fluorescence 
quartz cell (10 mm x 10 mm x 45 mm) and the fluorescence spectra 
were measured with a spectrofluorometer (Hitachi Co, Ltd., Model 
850). Since the optical absorbance of 1 mM coumarin at 332 nm was 
as large as 3 cm-1, the florescence spectra were measured with a cell 
holder of the spectrometer for the front detection. The formation of 
•OH by the excitation in the fluorescence spectrometer is negligible 
because the fluorescence intensity was not increased by the repeated 
measurements. 
 
 Test cell for PEFC reaction.  For applying the 
coumarin fluorescence probe method to the reaction occurring at a 
PEFC system, a test cell equipped with reservoirs for the probe 
solution was devised as illustrated in Figure 1. The cell was build 
with a pair of two plates ( two plates 5-mm thick and two plates 1-
mm thick) made of acrylic resin plastic and shielded from gas with 
silicone glue. One milliliter of coumarin solution in each reservoir 
contacts with out side of a carbon paper of 10 mm x 20 mm area. A 
30 mm x 30 mm piece of the membrane electrode assembly (MEA) 
was sandwiched with two pieces of the carbon paper. The carbon 
paper (Toray, without hydrophobic treatments, TGP-H-030) takes a 
role of gas diffusion layer (GDL), but it is wettable to allow each 
solution contact with the electrodes. For the cathode end-plate the 
same size of the upper part was opened to allow the GDL contact 
with air so that the surface of the MEA exposed to oxygen. For the 
anode end-plate, a pipe to introduce hydrogen gas was equipped. 
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Hydrogen gas was supplied via a water bubbling bottle at the rate of 
about 1 mL/min at room temperature. The probe solution at the 
anode electrode was de-oxygenated by bubbling N2 gas thoroughly 
before the experiment. On the outside of each carbon paper, lead-
wires were place to check the reaction of the electrodes with the 
voltage. The end-plates were bound by four stainless bolts to build 
the test fuel cell. The potential difference of the two electrodes was 
about 0.85 V during the test operation, which is rather low against 
the difference in the standard potentials (1.23 V). The reason for the 
low OCV potential may be originated from a high resistivity between 
GDL and MEA. The strength of the compression between the MEA 
and GDL is not sufficient because the end-plates were made of 
plastics. Moreover the MEA is hydrophobic while GDL is wettable, 
then  the potential difference between both ends of MEA could not 
be detected properly with a voltmeter of 1-MΩ  impedance. The 
temperature of the cell was not controlled and remains at room 
temperature. Four test cells were prepared and each cell was used to 












Figure 1 Illustration of the disbanded test cell. The thicknesses of 
the acrylic resin plates for these end-plates are 1 mm and 5 mm, the 
dimension of MEA is 30 mm x 30 mm. These parts were bounded 




 Materials  Coumarin, umbelliferone (Tokyo Kasei), 
iron(II) sulfate heptahydrate (Nacalai Tesque), and 30% hydrogen 
peroxide (Wako Chemicals) were used without further purification. 
Hydrogen gas used was supplied with a cylinder of hydrogen storing 
alloy (Chemix Co. Ltd., MHCS-50L). Water was purified with a 
Milli-Q system.  
 The MEA, which was supplied from Mitsubishi Heavy 
Industries, Co. Ltd., consists of a Nafion 1135 membrane 
sandwiched by the electrodes of Pt/C and Pt-Ru/C catalysts (Tanaka 
Kikinzoku Co. Ltd.) dispersed with Nafion ionomer. The 
performance of the MEA prepared by the same procedure was tested 
by the supplier. 
 
Results and discussion 
 Figure 2 shows the fluorescence spectra of the probe 
solutions of 1 mM coumarin taken from the reservoirs of the test cell 
before and after open circuit operations for 12 h. Coumarin showed a 
weak fluorescence peaked at 393 nm (Figure 2, curve a). After the 
operation a fluorescence band around 455 nm appeared for the probe 
solution contacted with the cathode (curve b) and the anode (curve d). 
Since the fluorescence spectra are identical to that of umbelliferone 
in 1 mM coumarin, it is suggested that the •OH produced  under the 
open circuit operation forms umbelliferone by the reaction with 
coumarin. Thus we could detect successfully •OH with a 







To check the stability of umbelliferone, 100 nM 
umbelliferone solutions were contacted with both electrodes for 12 h 
under the open circuit operation. The fluorescence intensity of 
umbelliferone did not change before and after the test, indicating that 
umbelliferone is not decomposed with the catalyst electrodes under 
the open circuit operation. Thus the amount of •OH can be calculated 
from that of umbelliferone formed. 
 
 
Figure 2 Fluorescence spectra of 1 mM coumarin solutions 
transferred from the reservoirs which are in contact with the cathode 
(b,c,e) and the anode (d, f, g) of the test cell. The cell was operated 
for 12 h in open circuit condition. a: coumarin solution before the 
operation. c and f; The coumarin solution contains 0.01 mM H2O2. e 
and g; the coumarin solution contains 0.1 mM FeSO4.  
 
To check the stability of umbelliferone formed, 100 nM 
umbelliferone solutions were contacted with both electrodes for 12 h 
under the open circuit operation. The fluorescence intensity of 
umbelliferone did not change before and after the test, indicating that 
umbelliferone is not decomposed with the catalyst electrodes under 
the open circuit operation. Thus the amount of •OH can be calculated 
from that of umbelliferone formed. 
For the quantitative analysis of •OH, the fluorescence 
spectra of various amounts of umbelliferone in 1 mM coumarin 
solution were measured and the fluorescence intensity at 455 nm was 
plotted in Figure 3 as a function of the umbelliferone concentration. 
This calibration plot showed a linear line, and from the slope we 
could calculate the concentration of umbelliferone formed under the 









Figure 3 Fluorescence intensity at 455 nm as a function of the 
concentration of umbelliferone in 1-mM coumarin aqueous solution. 















Figure 4 Concentration of umbelliferone generated at the anode (○） 
and the cathode (Ԃ) by the open circuit operation for various periods 




 Figure 4 shows the concentration of umbelliferone 
formed at the anode and the cathode as a function of the reaction 
time. The concentration of umbelliferone increased proportional to 
the time, indicating that the formed persistently react with coumarin 
to form umbelliferone. From the slopes of the linear lines in Figure 4, 
the formation rates of umbelliferone at the anode and the cathode 
were calculated to be 6.1 nM/h and 2.8 nM/h, respectively. Then, the 
formation rate for •OH is estimated to be 2.1 x 10-13 mol h-1cm-2 (= 
0.07 x 6.1 nM h-1 x 0.001 dm3/2.0 cm2) at the anode electrode, by 
using the •OH trapping efficiency of 7 % and the contacted area of 
the electrode surface of 2 cm2. Since the trapping efficiency used was 
reported for homogeneous aqueous solution, the absolute accuracy of 
the calculated rate may be relevant for the digit. 
 The formation rate of •OH with various probe solutions 
were calculated with the calibration curve (Figure 4) and summarized 
in Figure 5. Since •OH is considered to be formed in PEFC operation 
via H2O2, 5 the formation of H2O2 was tested by adding FeSO4 in the 
probe solution. In the presence of 0.1 mM FeSO4 , •OH is produces 
from H2O2 by Fenton reaction (equation 1) with Fe2+. 
 






Figure 5 Concentration of umbelliferone generated at the anode and 
the cathode by 12 h operation with 0.1 mM Fe2+ and 0.01 mM H2O2 







As shown in Figure 5, the formation rate of umbelliferone at the 
cathode and the anode was significantly increased in the presence of 
Fe2+, indicating the formation of H2O2 at the both electrodes. The 
H2O2 formed at the cathode may not be converted efficiently to •OH 
because the Fe2+ ions become Fe3+ at the cathode judging from the 
color change of the probe solution after the open circuit operation. 
Next we performed an experiment with certain amount 
of H2O2 to confirm that the •OH is formed from H2O2. As shown in 
Figure 5, by the addition of 0.01 mM H2O2, the formation rates of 
umbelliferone at the cathode and the anode were notably increased, 
proving the formation of •OH from H2O2. The increase of 
umbelliferone formation by the addition of H2O2 is well consistent 
with the reported suggestion that •OH should be formed from H2O2.13 
At the anode, H2O2 may be reduced to form •OH (equation 2), while 
at the cathode an oxidation of H2O2 may occur to produce •OH 
associated with the reductions of PtO and H2O2 (equation 3). This 
formation process was suggested from the spin trapping ESR 




H2O2 + H+ + e-  →  •OH + H2O    (2) 
 
H2O2 + PtO  →  •OH + O2 + Pt + H+ + e-  (3) 
 
From the comparison of the formation rates of 
umbelliferone with and without 0.01 mM H2O2 (Figure 5), the 
averaged amounts of H2O2 formed at the anode and the cathode in 12 
h operation could be estimated to be 1.1 µM ( = 6.1/(63.0-6.1) x 0.01 
mM ) and 6.8 µM (= 2.8/(7.0-2.8) x 0.01 mM), respectively. On the 
other hand, the amounts of •OH formed in 12 h are estimated to be 
5.1 nM (= 0.07x 6.1 nMh-1 x 12 h ) and 2.4 nM ( = 0.07 x 2.8 nMh-1 
x 12 h). Then, the amount of •OH formed at the anode was larger 
than that at the cathode, though the amount of H2O2 formed at the 
cathode was much larger than that at the anode,    
 
Conclusions 
 A fluorescence probe method is one of the most 
sensitive detection methods of •OH based on the detection of 
fluorescence of a stable fluorescent reaction product. We applied this 
method to the PEFC reaction systems for the first time. With a 
homemade test cell having reservoirs of the probe solution at each 
electrode the formation of •OH under open circuit operations was 
demonstrated. The formation rate of •OH was estimated to be 6.1 
nMh-1 at the anode and 2.8 nMh-1 at the cathode. The experiments by 
adding H2O2 or Fe2+ in the probe solution supported the formation 
process of •OH via H2O2. The formation of H2O2 at the cathode was 
estimated to be higher than that at the anode. On the other hand, the 
formation rate of •OH at the anode side was larger than that at the 
cathode. This observation agrees with the suggested mechanism of 
the membrane degradation of PEFC.5 Although a cell used in the 
present study were specially designed to detect •OH, the same 
reaction as the practical PEFC must have took place because the 
MEA was tested with a practically used PEFC. The present 
florescence probe method can be used to detect •OH in practical 
PEFC system by doping coumarin molecules in the membrane and 
become a powerful tool to investigate the degradation mechanism of 
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